Enteric viruses are important pathogens found in contaminated surface waters and have previously been detected in waters of the Great Lakes. Human adenoviruses were monitored because of their high prevalence and persistence in aquatic environments. In this study, we quantified adenoviruses in wastewater, surface water, and combined sewer overflows (CSOs) by real-time PCR. Between August 2005 and August 2006, adenovirus concentrations in raw sewage, primary-treated effluent, secondary-treated effluent, and chlorinated effluent from a wastewater treatment plant in Michigan were examined. CSO samples (n ‫؍‬ 6) were collected from a CSO retention basin in Grand Rapids, MI. Adenoviruses were detected in 100% of wastewater and CSO discharge samples. Average adenovirus DNA concentrations in sewage and CSOs were 1.15 ؋ 10 6 viruses/liter and 5.35 ؋ 10 5 viruses/liter, respectively. Adenovirus removal was <2 log 10 (99%) at the wastewater treatment plant. Adenovirus type 41 (60% of clones), type 12 (29%), type 40 (3%), type 2 (3%), and type 3 (3%) were isolated from raw sewage and primary effluents (n ‫؍‬ 28). Six of 20 surface water samples from recreational parks at the lower Grand River showed virus concentrations above the real-time PCR detection limit (average, 7.8 ؋ 10 3 viruses/liter). This research demonstrates that wastewater effluents and wastewater-impacted surface waters in the lower Grand River in Michigan contain high levels of viruses and may not be suitable for full-body recreational activities. High concentrations of adenovirus in these waters may be due to inefficient removal during wastewater treatment and to the high persistence of these viruses in the environment.
Enteric viruses are important waterborne pathogens. They are frequently isolated from feces-contaminated water and have been linked to numerous waterborne outbreaks (9, 34, 42, 61) . This group of pathogens includes adenoviruses, enteroviruses, hepatitis A virus, noroviruses, and rotavirus. In the Great Lakes region, enteric viruses were isolated from recreational beaches and groundwater for municipal usage, indicating an elevated public health risk in consuming or coming into contact with these waters (15, 69) . Although recent developments in molecular detection assays substantially increase the detection of viruses from waters, from a management standpoint it is impractical to test all viruses when determining the microbial quality of water. Here we propose that adenovirus monitoring can be used to examine wastewater impacts on surface water quality.
Adenoviruses, which have a high prevalence in water, have been suggested as preferred candidates as index organisms for viral pathogens because they fit most criteria for an ideal indicator (19, 33, 38, 54) . It is estimated that more than 90% of the human population is seropositive for one or more serotypes of adenoviruses (11, 68) . Human adenoviruses (HAdVs) are present at a higher frequency in sewage than are other enteric viruses (54) and are excreted in high concentrations from infected patients (up to 10 11 viral particles per gram of feces) (68) .
Adenoviruses were first isolated from humans and identified as the causative agent of epidemic febrile respiratory disease among military recruits in the 1950s (30, 55) . Human adenoviruses are the second most important viral pathogen of infantile gastroenteritis, after rotavirus (3, 10, 44, 51, 58, 62, 65) . Serotypes of adenoviruses have been found to cause symptomatic infections in several organ systems, including the respiratory system (pharyngitis, acute respiratory disease, and pneumonia), eye (conjunctivitis), gastrointestinal tract (gastroenteritis), central nervous system (meningoencephalitis), and genitalia (urethritis and cervicitis) (8, 37) . Human adenovirus types 40 and 41 have been associated with gastroenteritis in children, while human adenovirus type 4 is linked to persistent epidemics of acute respiratory disease in the United States (10, 49) . It was estimated that 2 to 7% of all lower respiratory tract illnesses in children may be caused by adenoviruses (5, 17) . Transmission routes of adenoviruses include the fecal-oral route and inhalation of aerosols. Adenoviruses have been associated with outbreaks in different settings, including military camps (7, 36, 40) , hospitals (6, 28, 32) , day care centers (1, 38) , and schools (27) . Waterborne outbreaks due to adenoviruses have also involved swimming pools (53, 64) .
It is hypothesized that combined sewer overflows (CSOs; where storm water and untreated sewage are combined) may contribute high concentrations of waterborne pathogens, especially viruses, which in turn may pose an adverse risk to human health. In older cities of Michigan, such as Detroit, East Lansing, and Grand Rapids, major contributors to microbial contamination of surface water during high-rainfall events include discharges from sanitary sewer systems and combined sewer systems. The federal government's effort to control CSOs started in 1994, when the U.S. EPA published the CSO Con-trol Policy as the national framework. In Michigan, the first CSO policy was drafted by the Department of Environmental Quality in 1983. However, the first noncontested permit requiring a long-term CSO correction program was issued to the Grand Rapids wastewater treatment plant (WWTP) only in Fall 1988, following a large CSO event in the city that affected water quality downstream, in Grand Haven (50) . To date, Michigan communities have eliminated 75% of the 613 untreated CSO outfalls that existed in the year 1988, and the remaining 25% are scheduled for correction/elimination through implementation of long-term control plans. However, water quality after CSO or any sewage spill remains a public health concern to individuals via recreational water exposure at recreational parks and beaches downstream of discharge sites.
The aim of this study was to evaluate the presence and concentration of adenoviruses in sewage and in the Grand River in the state of Michigan. Raw sewage, wastewater effluent, CSO discharges, and surface water in the lower Grand River were surveyed for the occurrence and concentration of human adenoviruses. Real-time PCR was used for quantification. Predominant adenovirus genotypes in sewage were determined, and the efficiency of virus removal during wastewater treatment was evaluated.
MATERIALS AND METHODS
Sample collection and concentration. Grab water samples were collected from the East Lansing WWTP approximately once a month between August 2005 and August 2006. Wastewater treatment processes in the East Lansing WWTP consist of primary treatment (sedimentation), secondary treatment (aeration, activated sludge and secondary sedimentation), and tertiary treatment (chlorination, rapid gravity sand filters, dechlorination, and postfiltration aeration).
Surface water samples were collected from the lower Grand River in Kent and Ottawa counties during a 1-week intensive study in June 2005 and intermittently between June 2005 and August 2007. A total of 16 surface water samples were collected from different sites at the lower Grand River during the intensive study (Fig. 1) . Following the intensive study, several sites were chosen for continued monitoring because of high bacterial indicator concentrations (data not shown) and detection of HAdV DNA from two of these sites (Deer Creek and Sixth Street Park). Our sample collection locations included three Lake Michigan beach sites (Rosy Mound, North Shore, and North Beach Park) and four park sites (Riverside Park, Deer Creek Park, Grand River Park, and Sixth Street Park).
Between February and June 2008, six combined sewer samples were collected from the Market Avenue Retention Basin in Grand Rapids, MI, within 24 h of overflowing.
The procedures of Haramoto et al. (25) were used for water filtration and concentration of viruses. Briefly, between 500 ml and 2 liters of wastewater (for raw sewage and primary effluent, 100 to 200 ml was filtered) or surface water was filtered through a 90-mm, type HA, negatively charged membrane (Millipore, Billerica, MA) with a 0.45-m pore size. A volume of 100 ml of 0.5 mM H 2 SO 4 was then passed through the membrane, and viral particles were eluted with 20 ml of 1 mM NaOH. Eluates were stored in a tube containing 0.1 ml of 50 mM H 2 SO 4 and 0.1 ml of 100ϫ Tris-EDTA (TE) buffer for neutralization before further concentration.
For further purification and concentration, eluates were centrifuged in Amicon Ultra 100K concentrator columns (Millipore). The final volume of concentrated eluate recovered for each sample was between 200 l and 700 l. Concentrates were stored at Ϫ80°C. Concentrated samples were used for extraction of viral nucleic acids and purification with a DNeasy tissue kit (Qiagen, Valencia, CA) following the manufacturer's protocol. Purified viral DNA was eluted in 60 l of RNase-free water.
Qualitative detection of human adenoviruses. Samples from the intensive study in 2005 were qualitatively assayed for the presence of human adenoviruses. Nested PCR was performed by amplifying the open reading frame of the hexon gene of adenoviruses, using the primers described by Allard et al. (2) , as described by Fong et al. (14) . Amplicons of 300 and 142 bp were produced from the first and second rounds of PCR, respectively. HAdV type 40 (ATCC VR-931) was used as the positive control, and molecular-grade nuclease-free water was used as a no-template negative control.
Detection and quantification of human adenoviruses. A real-time TaqMan PCR assay was performed for the quantification of HAdV DNA in water samples, following the protocol of Xagoraraki et al. (69) . The forward primer (JTVXF), reverse primer (JTVXR), and TaqMan probe (JTVXP) designed by Jothikumar et al. (35) were used ( . qPCR standards were set up by cloning a section of the HAdV40 hexon gene in a plasmid vector (pCR4-TOPO), using a Topo TA cloning kit for sequencing (Invitrogen, Carlsbad, CA), as described by Xagoraraki et al. (69) . PCR products were selected randomly for visualization by gel electrophoresis on a 2%-average-strength Omnipur agarose gel (EM Science, Darmstadt, Germany). The gel was stained with gelStar nucleic acid stain and viewed under UV light. Real-time PCR assays were performed in a Roche LightCycler 2.0 instrument (Roche Applied Sciences). Viral DNA extracts and standards were each run at least in triplicate. All qPCR runs included a negative control reaction (PCRgrade H 2 O without template) and a positive control reaction. Uracil-DNA glycosylase (Roche Applied Sciences) was added to each reaction mix to prevent carryover contamination. The crossing point (Cp) of each PCR was automatically determined by the LightCycler 4.0 software and used to calculate the hexon gene concentration. The concentrations of HAdVs in the river water samples from the studied recreational sites were converted from hexon gene copies per liter to viruses per liter, using a ratio of 1 (i.e., each HAdV particle consists of one copy of the hexon gene, as previously reported). The detection limit of this real-time PCR assay was determined to be 10 copies/PCR through serial dilution of a cloned PCR amplicon (69) . Nested PCR and adenovirus DNA sequencing. Adenovirus species present in water samples were identified by amplifying and sequencing the hypervariable region 1 to 6 of the adenovirus hexon gene. Samples that were positive by the real-time PCR assay were amplified using a conventional PCR assay prior to sequencing. Primers used and PCR conditions were as described by Lu and Erdman (45) ( Table  1 ; primers AdhexF1 and AdhexR1 yield amplicons ranging in size from 764 to 896 bp). If insufficient DNA was amplified from the first PCR, a second PCR was performed using internal primers AdhexF2 and AdhexR2, which yield amplicons of between 688 and 821 bp (45) . The sensitivity of this conventional nested PCR assay was determined by limiting-dilution experiments with pure adenovirus 40 stock in cell culture lysates (ϳ10 8 viral particles ml
Ϫ1
). Virus stocks were used to extract DNA, serially diluted to 10 0 virus DNA copies/reaction (as quantified by real-time PCR), and assayed by conventional PCR. The detection limit of this conventional PCR was 10 to 100 virus DNA copies/reaction.
Amplicons were visualized on an agarose gel and purified using a QiaQuick DNA purification kit (Qiagen) prior to sequencing. All HAdV-positive samples were identified by sequencing of at least two independent PCR products in both directions, i.e., each nucleotide was determined at least four times. Sequencing was performed by the Research Technology Support Facility at Michigan State University. Sequences were determined on an ABI Prism 3100 genetic analyzer (Applied Biosystems, Foster City, CA).
Sequence analysis. The sequences obtained were aligned with hexon protein sequences of selected adenovirus prototype strains available from GenBank, using web-based ClustalW (http://www.ebi.ac.uk/clustalw/) with the following default settings: gap opening of 10, gap extension of 0.2, and hydrophilic residue gap penalties enabled. For analysis of serotypes, approximately 600-bp sequences of the PCR products were used. Amino acid alignment of the sequences was performed in ClustalW. A phylogenetic tree was then constructed using the neighbor-joining method. The branching confidence was estimated by bootstrapping with 1,000 resamplings in MEGA 4.1 (beta). The GenBank accession numbers of adenovirus prototypes used for alignment and phylogenetic analysis were as follows: species A, human adenovirus type 12 (AB330093), type 18 (DQ149610), and type 31 (AB330112); species B1, human adenovirus type 3 (EF494650) and type 7 (AC000018); species B2, adenovirus type 35 (AC000019); species C, adenovirus type 1 (AC000017) and type 2 (EU867481); species D, adenovirus type 8 (AB361058), type 19 (AB330133), and type 51 (AB330132); species E, adenovirus type 4 (AB330085); and species F, adenovirus type 40 (AB330121) and type 41 (EF429128).
Virus detection limits and recovery efficiency. The sensitivity of the virus adsorption-elution method of Haramoto et al. (25) was evaluated in seeded studies. In the first experiment, the efficiency of the method in recovering naturally occurring adenovirus in sewage was tested. Two different volumes (700 ml and 3.8 liters) of MilliQ water were inoculated with raw sewage (collected from the East Lansing wastewater treatment plant) at sewage-to-MilliQ water ratios of 1:100,000, 1:10,000, 1:1,000, 1:100, and 1:10. Inoculated water was mixed at room temperature for at least an hour before being processed. Seeded samples were concentrated, extracted, and detected by nested PCR and real-time PCR, following previously described protocols. For each concentration, three to five replicates were tested. For the sewage-seeded experiment, viruses were eluted directly from the membrane with 1 mM NaOH and neutralized with H 2 SO 4 and Tris-EDTA buffers.
In the second seeded experiment, known concentrations (7 ϫ 10 4 to 7 ϫ 10 5 PCR detection units) of adenovirus type 40 were inoculated into MilliQ and surface water. Samples were filtered through a cation-coated HA membrane, and viruses were eluted from the membrane in NaOH as described previously. The adenovirus concentration recovered was determined by quantitative PCR assay. Statistical analysis. Analysis of variance (ANOVA) was performed to determine differences in mean levels of virus in samples and in virus retention and recovery from different environmental matrices. In all cases, significance was determined at the 95% confidence level. Additional tests, such as Tukey's honestly significant difference test, were performed if a significant difference was obtained by ANOVA. Statistical analysis was performed using SAS software (SAS, Cary, NC).
RESULTS

Wastewater. Between August 2005 and August 2006, 46
wastewater samples (13 raw sewage, 13 primary treatment, 10 secondary treatment, and 10 tertiary treatment samples) were collected. Figure 2 and Table 2 show average adenovirus con- (Fig. 2) . A seasonal trend was not observed for the concentration of adenovirus DNA in wastewater samples. The mean adenovirus removals from raw sewage to secondary and tertiary effluents were 1.77 log 10 and 1.14 log 10 , respectively. Tukey's significant difference test showed that virus concentrations were not significantly different between raw sewage and primary effluent (P ϭ 0.74) and between secondary effluent and tertiary effluent (P ϭ 0.11).
A total of 28 wastewater samples resulted in 35 isolates, and these were amplified by nested PCR for genotyping ( Table 3 ). Samples that produced a high enough concentration of amplified adenoviral DNA were sequenced. Sequences were cropped to approximately 600 bp in length and aligned in web-based ClustalW with reference sequences from GenBank. BLAST analysis of all amplicon sequences identified 92 to 100% sequence identity with the reference prototypes listed below; the number of insertions/deletions between amplicons and the closest prototypes ranged from 0 to 6 ( 
9%])
. A neighbor-joining tree was generated from the alignment of the nucleotide sequences of amplicons obtained from this study and hexon gene sequences in GenBank corresponding to adenovirus prototype species A to F (Fig. 3) .
Surface water. Surface water samples were collected from the lower Grand River during a 1-week intensive study in June 2005 and periodically over a 2-year period between 2005 and 2007. During the intensive study, a total of 16 surface water samples were collected from different sites at the lower Grand River, and human adenovirus was detected in four samples (16%) by conventional PCR (Table 4) . Sampling sites that were positive for human adenovirus were Petty's Bayou (i), Deer Creek Park (ii), Kent County (iii), and Sixth Street Park (iv) (as labeled in Fig. 1 ). Following the intensive study, several sites were chosen for continued monitoring because of high concentrations of bacterial indicators (60) (Fig. 4) . The concentrations of adenovirus DNA in the CSO discharge were not significantly different from adenovirus DNA concentrations in raw sewage and primary treatment samples (P ϭ 0.39).
Virus detection limits and recovery efficiency. The virus recovery efficiency of the adsorption-elution method of Haramoto et al. (25) was evaluated. Raw sewage was seeded into MilliQ water at ratios of 1:10 to 1:100,000, and conventional nested PCR was able to detect adenovirus DNA at a 1:10,000 dilution for the larger volume tested (3.8 liters) but only up to a 1:1,000 dilution for the smaller volume tested (700 ml) (Table 5). For the 1:10,000 dilution, real-time PCR gave adenovirus concentrations between 4 ϫ 10 1 and 8 ϫ 10 1 viruses/liter (mean, 5 ϫ 10 1 viruses/liter; n ϭ 5), which converted to between 4 ϫ 10 5 and 8 ϫ 10 5 viruses/liter in the original sewage samples.
In a seeded experiment, known concentrations of adenovirus type 40 were inoculated into MilliQ water and river water and filtered through a cation-coated HA membrane as described previously. Adenovirus was eluted from the membrane in 20 ml of elution buffer (NaOH) as described for the second seeded experiment. Quantitative PCR gave adenovirus recovery rates of 0.32 to 6.98% (Table 6 ).
DISCUSSION
The concentrations of HAdVs in sewage (mean, 1.15 ϫ10 with the findings of He and Jiang (29) , in which higher concentrations of adenovirus DNA were detected in secondary chlorinated effluent than in primary effluent. Likewise, using synthetic short RNA fragments as internal controls, da Silva et al. (12) observed that poor real-time reverse transcription (RT-PCR) efficiency occurred more frequently in waste stabilization pond samples than in activated sludge and membrane bioreactor samples. In addition, the adenovirus concentration in wastewater in Michigan remained high year-round, without a seasonal trend, maybe because the water temperature in wastewater in Michigan was within the range of optimal virus survival throughout the year (Ͻ23°C) (43) . The mean HAdV removal levels in secondary effluent (1.77 log 10 ) and tertiary effluent (1.14 log 10 ) were lower than the mean HAdV (2.35 log 10 ) and norovirus G1 (2.27 log 10 ) removal levels in WWTPs in Japan (23, 24) . In a WWTP in France, an astrovirus removal level of 2.00 log 10 was determined by real-time PCR (41) . The data suggest that HAdV removal in this WWTP in Michigan is not efficient, and considering that HAdVs comprise one of the most abundant enteric virus groups in raw sewage, the fate of HAdVs in wastewater treatment processes needs further evaluation, with the goals to improve virus removal and to document that the disinfection process can be used to inactivate the viruses.
The presence of adenovirus genotypes in wastewater may represent a public health risk. It has been shown that there is a connection between environmental and clinical virus isolates in a given year within specific geographic areas (57). Sedmak et al. (57) compared clinical and sewage isolates of enteroviruses from Milwaukee, WI, collected between 1994 and 2002, and found that the predominant clinical serotype was most often the predominant sewage serotype for that year. Typing of isolates from sewage and environmental water may help to alert community health professionals to predominant and new serotypes that are in circulation in the population, providing new insights into vaccine development and other prevention strategies.
In this study, adenovirus type 41 was identified as the predominant serotype in sewage, followed by adenovirus types 12, 40, 2, and 3. This trend agrees with results from other environmental studies (56, 66) . Santos et al. (56) isolated adenoviruses 40 and 41 from 62 of 69 sewage and surface water samples collected in São Paulo, Brazil, over a 3-year period. In South Africa, adenovirus types 2, 40, and 41 and species D HAdVs were isolated from treated drinking water and river water (66) . However, even though enteric adenoviruses (serotypes 40 and 41) were most frequently identified in river water, human adenovirus species D isolates were predominant in treated drinking water (66) . In addition, Gray et al. (18) reported that the most prevalent serotypes among civilians in the United States (n ϭ 1,608) were types 3 (34.6%), 2 (24.3%), 1 (17.7%), and 5 (5.3%). In the same study, among specimens collected from the gastrointestinal tract and urine, only 26 of 234 (11.1%) and 0 of 44 (0%) isolates were adenovirus species F (i.e., adenovirus type 41). This suggests that adenovirus type 41 may have greater persistence in natural environments than other adenovirus serotypes. Adenovirus species F (types 40 and 41) has been identified as one of the most prevalent viruses globally in the etiology of childhood gastroenteritis (20, 51, 58, 62) . Several researchers claimed that adenovirus type 41, the most prevalent serotype isolated in the current study, had gradually replaced serotype 40 as the predominant serotype isolated from gastroenteritis patients globally, starting in the 1980s, and was currently identified as the most prevalent serotype in wastewater (20, 44, 58, 59, 70) . These findings were consistent with the fact that in the current study adenovirus type 40 was detected in only 1 of 35 isolates. Adenovirus type 12, the second most prevalent adenovirus isolated in this study (11/35 isolates), has often been associated with meningoencephalitis, and no waterborne outbreak related to it has been identified to date. However, it was recently identified as the etiologic agent of a diarrhea outbreak in a hematology hospital ward in London (32) .
Adenovirus types 2 and 3 were both isolated from one wastewater sample. These types are generally associated with pneumonia and childhood respiratory diseases (31) . Adenovirus type 3 was also identified as the etiologic agent of pharyngoconjunctival fever and conjunctivitis in several outbreaks associated with contaminated recreational water (16, 47, 48 viruses/ liter; n ϭ 6) in CSO samples collected from a retention basin in Grand Rapids, MI. This suggests that in cases where the virus concentration in CSO samples is unknown, virus concentrations in raw sewage or primary effluent samples may be used as indicators for estimating total virus discharge during a CSO event. In addition, high adenovirus concentrations in CSOs indicate that recreational waters that receive CSO input are unfit for bodily contact via recreational activities such as swimming.
Virus detection in surface water generally requires filtration and concentration of large volumes of water, which at the same time also concentrates high levels of PCR inhibitors. Katayama et al. (39) and Haramoto et al. (25) developed a virus concentration method that consists of adding salts for adsorption of viruses to a negatively charged filter membrane and an acid rinse step, as well as inorganic eluent, to remove PCR inhibitors. This virus filtration and concentration method was modified and used in several recent studies, with various virus recovery efficiencies, ranging from Ͻ1% to Ͼ100% (13, 21, 22, 26, 52, 67) . In the adenovirus seeding experiment, virus recovery quantified by real-time PCR was low; mean recoveries from the MilliQ water and river water were 2.08% (range, 0.17 to 6.98%) and 0.98% (range, 0.32 and 1.47%), respectively. The low recovery rates in this study may be due to a loss of viruses during the elution step or to incomplete elution of viruses from the membrane. Lukasik et al. (46) suggested that AlCl 3 forms flocs that trap viruses and thus inhibit virus elution from the membrane. In addition, Hamza et al. (22) tested the recovery of various viruses (i.e., echovirus 11, norovirus G1, HAdV 5, JC polyomavirus, and bacteriophage ⌽X174) from negatively charged HA membrane filters and observed that virus retention and recovery were dependent on virus genetic structure and water quality factors, such as turbidity and dissolved and colloidal organic matter. Hamza et al. (22) also found that viral nucleic acid detection was 2.5-to 6-fold less efficient when beef extract was used as an elution buffer.
In conclusion, this research demonstrates that human adenoviruses are consistently present in sewage and were occasionally detected in rivers receiving sewage effluents in Michigan. The real-time PCR assay used in the current study was not able to evaluate the viability of viruses detected after disinfection; however, the virus concentration in tertiary effluent showed little physical removal. In general, there is not a consistent seasonal trend for the presence of adenoviruses in wastewater and surface water in Michigan, but their isolation from surface water can be used to indicate fecal contamination and a lack of efficient treatment. Overall, wastewater treatment in East Lansing reduces the level of adenoviruses by 95% from untreated to treated sewage. The low adenovirus recovery rate with the cationcoated negatively charged membrane method used in this study warrants future study for improved recovery of viruses. Despite this low recovery rate, the presence of adenoviruses in surface waters may represent a public health risk if disinfection is not shown to be adequate. Quantitative detection of adenoviruses as indicators in surface water may provide a means of better understanding the risk associated with recreation in contaminated water.
